Introduction
Plasma lipoprotein levels and the susceptibility to atherosclerosis are examples of complex traits, which are affected by the contribution of many different genes, gene-gene interactions, and gene-environment interactions. The recent success of ever larger consortiums performing genome-wide association (GWA) studies in humans, which are based on the common diseasecommon variant hypothesis, have recently identified 95 loci significantly associated with plasma levels of HDLcholesterol (HDL-C), LDL-cholesterol (LDL-C), total cholesterol (TC) or triglyceride levels [1 ,2,3] . These findings have provided valuable insight in the biological mechanisms and pathways involved and have improved our understanding of interactions that underlie the pathology of dyslipidemia and other related complex diseases including atherosclerosis/coronary artery disease (CAD). However, despite yielding higher resolution than that obtained via family-based linkage analysis, GWA studies using haplotype-based tag single nucleotide polymorphisms (SNPs) have had little success in identifying the causal genetic variant, particularly when the bestassociated SNPs fall in intergenic regions [4, 5] . Another limitation of GWA studies is that they often account for a small fraction of the heritable variance. Although, this might seem to support the 'common disease-rare variant' hypothesis, a recent analysis has determined that most of the heritable variance for height is in fact captured by the common SNPs, although not by the statistical methods currently applied to ascertain genome-wide significance [6 ] .
the levels of plasma HDL-C, LDL-C, TC, and triglyceride, and for atherosclerosis lesion burden. Next, QTLs can be validated and their respective chromosomal intervals narrowed by creating and analyzing interval-specific congenic strain. Many QTLs for different complex traits have been identified and can be queried online at http:// www.informatics.jax.org/searches/allele_form.shtml; however, relatively few of the responsible quantitative trait genes (QTGs) have been validated. QTL analysis has its own limitations associated with the prolonged and costly processes of narrowing down the QTL to a region of a few testable candidate genes.
The limitations of human GWA studies and rodent QTL analysis in identifying modifier genes have led to the development of new approaches using comparative genomics and co-expression network analysis to combine human GWA studies with rodent genetic and genomic studies. The use of this methodology to identify candidate genes involved in dyslipidemia and atherosclerosis will be the focus of this review, along with testing these candidate genes in animal models. The rapid advancement in this field has been made possible by technological advances including SNP microarrays to genotype millions of SNPs per sample, gene expression microarrays to obtain genome-wide transcriptome profiles, next generation sequencing to yield strain-specific whole genome sequences, and innovative bioinformatic, statistical, and systems biology analyses that allow one to interpret this data.
Comparative genomics and bioinformatic tools to identify causal genes
Human GWA studies have led to the identification of clusters of SNPs, in linkage disequilibrium with each other, that reveal regions of usually less than 50 kb that are associated with a complex trait such as lipoprotein levels, atherosclerosis, etc. Despite this level of resolution, it is often difficult to identify the causative variant; and, when the best-associated SNPs are in close proximity to several genes or in an intergenic region, it may be difficult to even know which gene is responsible [7] . To better resolve a GWA locus and identify the best candidate genes and/or regulatory regions one can use a comparative genomics approach that relies on the assumption that regulation or variation in the same causative gene in concordant regions across multiple species can modify a phenotypic trait. Thus, comparison of a human GWA locus with concordant QTLs identified in mouse or rat strain intercrosses may facilitate the detection of functionally conserved genes and regulatory regions [8] . Rodent strain intercrosses can identify loci associated with a complex trait through the QTL method; however, this method leads to large intervals that can contain hundreds of potential causative genes. Thus, both human GWA and rodent QTL methods have limitations, but the integration of these two types of analysis may lead to the rapid identification of strong candidate genes relevant to human complex traits such as dyslipidemia and atherosclerosis.
Paigen and colleagues. [9, 10] proposed a 'toolbox' of comparative genomic and bioinformatics analyses that can be applied to rodent QTL studies to help identify the causal gene and variants (Fig. 1) . Mouse QTLs for a complex trait are sometimes mapped to the same locus in multiple strain intercrosses, which strengthens the evidence for a causative gene, and often helps narrow the likely interval. These mouse QTLs may overlap with syntenic regions identified as rat QTLs or human GWA or linkage-identified loci associated with a similar trait [11, 12 ] . These are called 'concordant loci' and several studies have shown a remarkable concordance between human and mouse loci for HDL-C (93%), LDL-C (100%), triglyceride (80%) levels, and atherosclerosis (63%) [9, [13] [14] [15] [16] . However, one should keep in mind that because QTLs for complex multifactorial disease are large and numerous, it is possible that the observed concordant loci may be due to chance [8, 11] . Comparative mapping of the concordant loci across species can be used to narrow the region of interest, although, if the concordance hypothesis for a specific locus is not true, it could lead to discarding the region in which the QTG resides.
Combining data from mouse and human studies has led to the recent identification of several candidate genes for dyslipidemia and related diseases, and has provided insight into their mechanism of action. Su et al. [17] identified HDL-C QTLs from two mouse intercrosses on chromosomes 1, 3, 5, 6, 8, 9, 17, 18, and 19; and, these QTLs were located in regions homologous to human QTLs for HDL-C identified by family-based linkage studies in various populations [13, 18] 
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Key points
Human and rodent association and linkage studies often give rise to concordant loci for dyslipidemia and other complex traits. Bioinformatic analyses can be performed to combine findings from different species and help narrow the interval to a few candidate genes. Gene expression analyses and cross-species expression quantitative trait loci can also help identify promising candidate genes. Animal models can be used to characterize the mechanisms responsible for human genetic variation associated with complex traits, and to validate dyslipidemia and atherosclerosis modifier genes discovered through human genome-wide association studies.
genomics helped narrow the mouse HDL-C QTL interval on chromosome 17 (Hdlq56) from 48 to 1.7 Mb, and in a similar fashion reduced the QTL interval of HDL QTLs on chromosome 3 (Hdlq21), 5 (Hdlq52), 8 (Hdlq44), and 18 (Hdlq57) [17] . The comparative genomics step was followed by mouse strain haplotype analysis, which is based upon sequence analysis that has determined that the genomes of the common mouse strains are composed of mosaic blocks from several ancestral strains; and, these regions of ancestral identity among strains have been mapped across the genome [19 ] . The haplotype blocks that are shared between a strain pair are eliminated from further consideration to reduce the QTL interval, based on the assumption that the causative variant is derived from distinct ancestral origins. Although 97% of strain differences have been attributed to ancestral strain origins [20] , more recent mutations within the shared haplotype blocks have occurred, thus this step has the possibility of eliminating the causative variant. When this method was applied to the HDL QTLs it led to a narrowing of the QTL interval to several dispersed genomic regions that have different ancestral origin in the high HDL strains vs. the low HDL strains [17] . The next step in this bioinformatics process involves looking for nonsynonymous SNPs and using gene expression differences to identify specific candidate genes. Su et al. [17] used these methods to identify Lpl (lipoprotein lipase), a gene known for its function in regulating HDL levels in mice and humans, as the candidate gene for the Hdlq44 QTL. They also identified Nr2f2 (nuclear receptor subfamily 2, group F, member 2) as a candidate gene for chromosome 7 (Hdlq58) QTL [17] . Nr2f2 gene was found to regulate the transcription of Apoa2 and polymorphisms in this gene are found to be associated with HDL levels in a GWA study [21] , showing cross-species concordance.
Furthermore, in a different study, Su et al. [22] identified the partially overlapping Farp2 (FERM, RhoGEF, and pleckstrin domain protein 2) and Stk25 genes (serine/ threonine kinase 25) as candidate genes for an HDL QTL on chromosome 1. Although they did not use cross-species comparative genomics to narrow down the interval, they observed that both genes are located on human chromosome 2q37.2 wherein a human QTL for HDL was previously identified [23] . Also, a GWA study found polymorphisms in the FARP2 gene associated with variations of human HDL levels [21] , thus providing strong evidence that Farp2 and/or the adjacent Stk25 gene identified in mice are likely to play a role in regulating HDL levels in humans as well.
Another successful example of the comparative genomics approach is the narrowing of a mouse HDL QTL on chromosome 18 from 9 Mb to 6.9 Mb and the identification of LIPG (endothelial lipase) as the most likely candidate gene for this QTL by haplotype, gene expression, and sequence variation analyses [24 ] . Several recent GWA studies have found LIPG SNPs associated with HDL-C levels in humans [2, 3, [25] [26] [27] . Also, a rare loss-of-function mutation in the LIPG gene (Asn396Ser) was found to be significantly associated with increased HDL-C levels in humans [28] .
Application of the above-mentioned set of bioinformatic tools [10] , including comparative genomics, identified Scarb1 (scavenger receptor class B, member 1) and Acads (acyl-Coenzyme A dehydrogenase, short chain) as candidate genes for HDL QTLs on mouse chromosome 5 [29 ] . Acads in mice is adjacent to the Mvk and Mmab genes, which were found to be present in a cluster of five genes positioned in a concordant human HDL QTL located at 12q24.23. Recently, two GWA studies have shown that this genomic region contains SNPs significantly associated with HDL levels in humans [26, 27] . Additional studies, including generation of knockdown, knockout, and/or transgenic mice, are necessary to investigate the relationship of the Mvk, Mmab, and Acads genes with HDL metabolism.
Cross-species expression quantitative trait loci and co-expression networks
Gene expression profiling using microarrays can simultaneously assess the levels of thousands of transcripts. These datasets have provided valuable insights into the functional relationships among genes and in understanding human complex traits. Because of the difficulty in collecting the correct tissue type relevant to a complex trait in humans, these studies are often performed in a rodent species, with the caveat that not all mechanisms are conserved between humans and rodents. Wang et al. [30 ] , developed a new method to analyze co-expressed networks; and, by comparing human, mouse, and rat liver co-expression networks they found that approximately 10% of the gene-gene co-expression network relationships were conserved. The authors identified a coregulated network of genes across species that were over-represented in cell signaling, cell adhesion, and sterol biosynthesis pathways; and, some of these genes were also found as candidates in a human GWA study for plasma lipid levels. By integrating GWA study candidate loci, human cis-expression quantitative trait loci (eQTLs), and conserved co-expression modules between human and rodent species, the authors identified Sort1, Fads1, Fads2, and Galnt2 as the genes that are most likely to be responsible for regulating plasma lipid levels [30 ] .
In an attempt to validate mouse candidate genes as modifiers of aortic lesions, Yang et al.
[31 ], performed cross-species analyses using mouse adipose and liver eQTLs along with aortic lesion QTLs from a strain intercross on the Apoe À/À background and compared them to relevant human GWA study results. The authors identified five human genes from the GWA studies (ATP10D, SLC2A9, PIK3CG, LOXL1, and KIAA1598) that overlapped with their list of mouse candidate genes, suggesting these genes as the strongest candidate modifiers for aortic lesions in mice [31 ] .
Use of mouse models to test candidate loci identified from human genome-wide association studies
Human GWA studies have consistently identified variants in the 9p21 region as the SNPs most highly associated with increased risk for CAD and myocardial infarction (MI) [32] [33] [34] . CAD associated SNPs in this region are positioned within a 58-kb linkage disequilibrium block not closely associated with protein coding genes. ANRIL, a large noncoding RNA is found in this block; although, there is no evidence to date that this transcript is expressed in mice. In order to find out the mechanism(s) by which these SNPs confer an increased risk for CAD and MI, Visel et al., identified the 70-kb mouse syntenic region on chromosome 4 with conserved flanking genes [35 ] . Using Cre-Lox methodology, they created mice lacking this region (Chr4 D70 kb/D70 kb ), which did not have significant abnormalities in urine and blood chemistry markers; however, 45% of them developed neoplasms of various types [35 ] . The expression levels of the flanking cyclin-dependent kinase Cdkn2a and Cdkn2b genes decreased by more than 10-fold in the hearts of the Chr4 D70 kb/D70 kb mice compared with the wild type controls [35 ] . In heterozygous mice, allelic imbalance in Cdkn2b gene expression proved that this 70-kb mouse region acts as a cis-acting enhancer in the heart and aorta [35 ] . They also observed that primary aortic smooth muscles and mouse embryonic fibroblasts cell cultures from chr4 D70 kb/D70 kb mice proliferated excessively and were resistant to senescence compared with wild type cells, which could explain the excessive neoplasms. Thus, comparative genomics and functional testing in mice revealed that the most likely mechanism for the association of human genetic variation in the 9p21 with CAD is through the regulation of Cdkn2a/b gene expression.
As demonstrated by the above study and others, testing human candidate genes or genetic variants identified by GWA studies in animal models is useful for validation and can provide insight into the biological mechanisms responsible for the pathophysiology of human complex diseases. A recent plasma lipid/lipoprotein GWA study with more than 100 000 individuals of European ancestry was performed that identified 95 loci significantly associated with plasma concentrations of TC, LDL-C, HDL-C, and triglyceride, 59 of which were novel findings [1 ] . The candidate genes GALNT2 (UDP-N-acetyl-alpha-Dgalactosamine:polypeptide N-acetylgalactosaminyltransferase 2), PPP1R3B (protein phosphatase 1, regulatory subunit 3B), and TTC39B (tetratricopeptide repeat domain 39B) were tested in mouse models [1 ] . Each one of these genes was separately validated as causal for plasma lipid levels either through liver-specific over-expression via a viral vector or the knockdown of endogenously expressed gene through the delivery of short hairpin RNAs. Overexpression of the mouse ortholog Galnt2 resulted in significantly lower plasma HDL-C levels compared with wild type mice; and, knocking down its expression by approximately 95% resulted in higher HDL-C levels, thus validating human GALNT2 genetic variation as causal in regulating lipid levels [1 ] . The two other candidate genes, PPP1R3B and TTC39B, were identified from human liver eQTL analysis. Their validation in regulating lipid metabolism was demonstrated by overexpression of the mouse ortholog Ppp1r3b that resulted in reduced HDL-C and TC levels, and by the knockdown of the expression of the mouse ortholog Ttc39b that resulted in increased HDL-C levels [1 ] .
Combining genome-wide data Berisha and Smith 103 GWA studies identified several SNPs in the 1p13 region that are associated with CAD/MI and LDL-C levels; and, Musunuru et al. [36 ] found that the minor allele of one of these SNPs was associated with increased liver expression levels of SORT1 (sortilin 1, also known as neurotensin receptor 3), a nearby gene not previously implicated in lipoprotein metabolism, and decreased levels of LDL-C. Liver-specific overexpression of the mouse ortholog Sort1 via a viral vector was found to be associated with a marked reduction in plasma TC and LDL-C, a result observed consistently in the Apobec1À/À; APOB Tg mice and three other backgrounds strains [36 ] . Furthermore, Sort1 overexpressing mice were found to have a large decrease in the rate of VLDL and triglyceride secretion [36 ] . Meanwhile, liver-specific knockdown of Sort1 in Apobec À/À ; APOB Tg mice resulted in a large increase in TC, LDL-C, and VLDL levels [36 ] . Results obtained from Sort1 knockout mice were found to be consistent with liver-specific knockdown mice, and with the inverse correlation between hepatic SORT1 expression and LDL-C levels observed in humans.
Independently, Kjolby et al. [37 ] explored the Sort1 gene as a potential contributor to lipoprotein metabolism in mice. They observed that recombinant adenovirusmediated Sort1 overexpression led to increased TC and apoB-100 plasma levels, whereas the Sort1 À/À -deficient mice on the C57BL/6 Ldlr À/À background had lower plasma levels of apoB-100, TC, IDL, and LDL when compared with Ldlr À/À controls [37 ] . Therefore, this study found a positive correlation between Sort1 expression levels and LDL-C levels. Thus, the above two studies came to opposite conclusions regarding the relationship between the levels of Sort1 expression and LDL-C. This discrepancy might be due to several factors including, but not limited to, differences in strain background, mouse genetic models, and diet.
A diagram of many of the cross-species and bioinformatic approaches described in this review is presented in Fig. 2 .
Conclusion
Taking advantage of the concordance of human and rodent loci associated with similar complex traits, as well as the synteny between their genomes, researchers have developed strategies to combine human and rodent genetic and genomic studies to help identify the genes that modify these clinical traits, and the responsible genetic variants. These investigations can be initiated either from human GWA findings or from rodent QTL studies, and yield increased power through cross-species comparisons. Although these methods may yield timesaving shortcuts in modifier gene identification, one must be cautious of the many assumptions in specific bioinformatic steps that may not be universally valid. Nevertheless, these comparative genomic strategies offer many advantages and we anticipate increased usage of these cross-species methods to find genes and variants associated with common complex traits. Although we refer to mouse studies, these strategies may be applied to other species as well.
